We have used the noninvasive method of "'phosphorus nuclear magnetic resonance C'P N MR) in \'il'O to follow changes in phosphorous me tabolite concentrations and the intracellular pH in the right and left hemi spheres and in the cerebellum of gerbil brains after the occlusion of the right carotid artery, Spatial resolution over the brain was possible using surface coils. Ligation, which is known to cause ischaemia in this species in the ipsilat eral hemisphere, resulted in the diminution of phosphocreatine and adenine nucleotides and a decrease in tissue pH. Less acidification occurred in the contralateral hemisphere and in the cerebellum. The high-energy metabolite concentrations, phosphocreatine and adenosine triphosphate (ATP), declined in unison in the ischaemic region, in marked contrast to the sequence of events in skeletal muscle, in which phosphocreatine buffers against an immediate fall in ATP concentration. In a separate series of gerbils, 31p NMR spectra were followed for exactly 1 h after carotid ligation. The animals were then sacrificed and brain grey matter specific gravity was rapidly measured to assess the development of oedema. There was a clear correlation between abnormality of spectra and the presence of oedema. It cannot, however, be confidently as serted that a normal spectrum is never seen in oedematous gerbil brains. 3' P NMR spectra specific gravity and histological changes shown by light micros copy have been correlated and show that useful signals are received from a depth of at least 4 mm or more from the lO-mm diameter coil.
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reported in the gerbil model (Crockard et aI., 1980) . Central to the process of ischaemic damage must be the changes in energy metabolism as the oxygen tension becomes limiting.
In this study we have combined the non destructive technique of 31phosphorus nuclear mag netic resonance (31p NMR) with noninvasive sur face coils (Ackerman et aI., 1980) to follow the topographical variation in phosphocreatine and adenine nucleotide concentrations and in the in tracellular pH of the gerbil brain after carotid liga tion.
MATERIALS AND METHODS
In 13 Mongolian gerbils (40-70 g), anaesthesia was induced and maintained by intraperitoneal in-jection of sodium pentabarbitone (approximately 1 ml, 6 mg/ml). The right carotid artery was exposed, separated from the jugular vein and vagus nerve, and prepared for occlusion using surgical thread. Ligation was performed outside the magnet, thus the subsequent collection of spectra began 10 min after ligation.
The NMR spectra were recorded on a spec trometer built in the Department of Biochemistry, University of Oxford, having a wide-bore super conducting magnet (Oxford Instruments). The in strument was used in the Fourier Transform mode with signal averaging. The signals were detected using an insulated 3-turn copper wire radiofre quency (rt) coil (10-mm diameter) tuned to the phosphorous frequency (73.84 MHz) as described by Ackerman et al. (1980) . The gerbil was mounted in a cradle designed to support the animal in a verti cal position and to facilitate manipulation of the coil over the surface of the gerbil's head. Control spectra were collected prior to surgery and also before ligation. Magnetic field homogeneity was maximised by shimming the field by observation of the proton signal from tissue water (Ackerman et al., 1981) .
The intracellular pH was determined from the frequency of the inorganic phosphate (Pi) resonance using the frequency of phosphocreatine as the ref erence (Gadian et al., 1979) .
In a separate study, 17 gerbils anaesthetised in the manner described were subjected to right com mon carotid ligation, followed by the collection of 31p NMR spectra as described for 1 h. At exactly 1 h the animals were sacrificed, except for two cases when earlier death occurred spontaneously. Spe cific gravity measurements of brains were made by the technique of Nelson et al. (1971) using a variable density bromobenzene-kerosene column on all the gerbils, including the two that died (one at 30 min and the other at 15 min after carotid ligation), as soon after death as possible. The brains were rapidly removed, placed under a bromobenzene kerosene mixture and four to six small fragments of grey matter dissected both from the right frontal and the left occipital regions.
The column having been calibrated with liquids of known specific gravity at the beginning of the ex periment, and cross-calibrated against the column used by Crockard et al. (1980) , the small pieces of grey matter were dropped into the fluid column and their position noted 3 min after insertion. There was only a small variation in the specific gravity of sam ples taken from a particular area.
Histological Examination
Immediately after the small samples of the right frontal and left occipital cortex had been removed for the measurement of specific gravity, the rest of the brain was placed in 1% paraformaldehyde-3% glutaraldehyde in O.lM cacodylate for fixation.
Coronal blocks were subsequently made of each brain at frontal, parietal, and occipital levels, and through brainstem and cerebellum, and embedded in hard paraffin (Ralwax 1). The whole brain of each animal was embedded, with the exception of the samples removed for specific gravity determina tions. Sections were cut at 4 IL m and stained with haematoxylin -eosin and haematoxylin -van Gieson, and sections at 8 IL m were stained with luxol fast blue-cresyl violet. Histological examina tion was made by two of the authors without prior knowledge of the spectra.
RESULTS AND DISCUSSION
Spectra of gerbil brain before surgery and prior to ligation were identical and stable over 4 h, indicat ing that this model was suitable for examining changes induced by carotid occlusion over the shorter time periods (usually 1 h) used in this study. glvmg a phosphocreatine:adenosine triphosphate (PCr:ATP) (Levine and Payan, 1966 ) ratio of 1.5. As the spectrum was collected under conditions that did not allow complete relaxation of the 3lp nuclei between radiofrequency pulses (to maintain effi ciency of collection), this ratio does not provide a measure of relative metabolite concentrations as reported elsewhere (Ackerman et al., 1980) , but rather provides a useful parameter for comparing spectra. The PCr:ATP ratio did not change when the skin over the skull was removed, indicating that the signals came predominantly from the brain tis sue beneath the bone. The mineral phosphate of bone gave a broad signal (of the order of 3 kHz), as expected for immobilised phosphate, which for clarity has been removed from the spectra by the mathematical procedure of convolution difference. The pH of brain in the anaesthetised gerbil was measured at 7.2 (± 0.1), which is similar to the fig ure of 7.05 derived by MacMillan and Siesj6 (1972) in the rat, and also to the measurement made by Kogure et al. (1979) of 7.08 at the moment of em bolisation in their rat preparation. Both these groups of workers used fluorometric procedures (Lowry et al., 1964) after freezing the brain, and the comparison of methods requires further work. The buffer-perfused rat brain as measured by 3lp NMR gave a pH value of 7.2 (Norwood et al., 1979) . A proportion (50%) of the animals surviving liga tion sooner or later showed changes in the 3lp NMR spectra typified in Fig. 2 . The right anterior hemi sphere ( Fig. 2a) showed an intense Pi signal but no signals from PCr and ATP, whereas the left hemi sphere ( Fig. 2b) showed an increased Pi signal in addition to PCr and ATP. The cerebellum (Fig. 2c) was not significantly altered in terms of relative res onance intensities. The intracellular pH for the three regions were determined as 6.61 (± 0.05), 6.92 (± 0.05), and 6.84 (± 0.05), respectively, all signifi cantly lower than the pH prior to ligation and cor relating well with intracellular pH in the hypoxic rat brain measured by MacMillan and Siesj6 (1972) . The pH of brain tissue of a dead rat was measured as 6.65 (± 0.05). It is apparent that ligation of the right carotid reduced blood flow to the right hemi sphere, produced ischaemia (with hypoxia), and a lowered perfusion pressure with resultant depletion of high-energy phosphates (PCr, ATP) , and con comitant acidification of the tissue. The changes in pH of other regions of the brain might reflect less severe ischaemia or only hypoxia of a moderate de gree, or even a "partial volume effect" whereby the region examined included both ischaemic and nor- mal regions. This would explain the increased Pi resonance in the left hemisphere; in many gerbils, after carotid ligation, ischaemia also occurred in the opposite thalamus. Subsequent histological exami nation, for instance, of the animal whose spectra are illustrated in Fig. 2 showed extensive right-sided infarction with very limited areas of ischaemic dam age on the left. Larger animals (70 ± 10 g) were less prone to show such effects after similar treatment, suggest ing that they were better able to compensate for the loss of one carotid blood supply to the brain.
Although the signal-to-noise ratio for surface coils of the size used in these experiments required signal averaging, it was possible to follow the onset of the change in energy state in the right hemisphere (Fig. 3) . PCr and A TP signal intensities declined in unison, unlike in ischaemic skeletal muscle, in which little change occurs in ATP until almost com plete depletion of PCr (Ackerman et al., 1980) . This effect may be due to low creatine kinase activity or compartmentalization of ATP, or possibly reflects the heterogeneity of brain tissue in that not all of the ATP is interconvertible with PCr, as has been suggested from similar observation on perfused rat brains (Norwood et al., 1979) . The isozymes of creatine kinase are also different for brain and skeletal muscle (Watts, 1973) . The decrease in pH (Fig. 3) occurred rapidly within the first 10 min, after which a steady value of 6.61 (± 0.05) was reached. In some cases, this pro vided further confirmation of the observation of Macmillan and Siesjo (1972) that the intracellular pH may fall to 6.6 or 6.5 without a change in the energy charge potential (ECP) of the adenine nu cleotide pool. ECP is defined as ATP + 0.5 ADP/ ATP + ADP + AMP (Atkinson, 1968; Siesjo, 1972) .
The Mongolian gerbil preparation (Levine and Payan, 1966) has been used extensively in clinical (Kahn, 1972) , pathological (Harrison and Ross Rus sell, 1972) , and blood flow and oxygen availability studies (Kelly and Halsey, 1976 rotid ligation with cerebral oedema, expressed in terms of the specific gravity of brain samples mea sured by the technique of Nelson et al. (1971) using a variable density bromobenzene-kerosene column.
In the work of Crockard et al. (1980) (as in ours) the animals were sacrificed exactly 1 h after carotid occlusion, which, they showed, resulted in a reduc tion of flow of 12.8 ± 5.8 ml/100 gpm (that is a reduction of 43%; P < 0.001) on the ipsilateral side, the reduction in flow persisting throughout the hour. In the contralateral hemisphere, on the other hand, there was a wide variety of results, some times a marked reduction, at others little change or an increase.
The specific gravity measurements of Crockard et al. (1980) for small samples of cerebral cortex cor related well with blood flow from the same region, both on the side of carotid occlusion and in the op posite hemisphere. Specific gravity in control animals was 1.0500 ± 0.0004, while the mean spe cific gravity in the ipsilateral hemisphere of ligated animals at 1 h had fallen to 1.0470 ± 0.0013. Indi vidual flow measurement showed that there was no change in brain specific gravity until the flow was reduced below 19 mlllOO gpm. Thereafter, reduc-tions in flow down to 7 ± 2 mVI00 gpm resulted in decreased specific gravity. Animals with no flow (including those with bilateral carotid occlusion) showed no reduction in specific gravity and those with very low flow of less than 4 mVI00 gpm did show some oedema, but not to the extent of those with flow of 5-10 mV100 gpm. It was evident that the factor that determined the presence or absence of oedema was the local residual blood flow. Strik ingly similar results have been seen in the baboon (Symon et aI., 1979) . Three stages can be identified, which, by analogy with the baboon, may be (1) an initial phase at blood flow of 20-11 mVI00 gpm when potassium efflux and a metabolic impairment result in an increase of tissue osmolality with the accumulation of both intra-and extracellular water; (2) a phase at lower CBF when the metabolic failure is more severe and there may be an additional vaso genic component to the oedema; and (3) the "no flow" state in which, with no blood stream for the osmotic pull to act on, there can be no change in specific gravity.
We were not in a position to measure CBF in our gerbils, but the specific gravity measurements that we obtained by the same method as Crockard et al. (1980) after the same period of ischaemia, may form a basis for comparison with the NMR spectra ob tained during the hour following carotid ligation. The level and range of measurements of specific gravity in that study are very similar to our own. The specific gravity of their normal gerbil grey matter was 1.0500 ± 0.0004, but after 1 h of carotid ligation the gerbils showed grey matter specific gravity of 1.0480 ± 0.0017 on the ipsilateral side.
Of the 17 gerbils in our series, four showed pro gressive ischaemic changes in their NMR spectra but survived up to the hour, two died prematurely, and one, having initially shown high inorganic phosphate in the control spectrum before ligation, subsequently had normal spectra. Excluding this animal, a comparison has been made between the specific gravity of the brains of the animals with normal NMR spectra and those showing ischaemic changes, including the two that died.
Mean specific gravity of the frontal grey matter of the normal group was 1.0514 ± 0.0019, and of those with ischaemic spectra, 1.0474 ± 0.0014 (Table 1) , a mean difference of 0.0040. Similarly comparing the specific gravity of occipital grey matter between the two groups, the mean difference is 0.0085, both differences being significant at the p < 0.01 level. PCr, phosphocreatine; P;, inorganic phosphate.
The lowest specific gravity, both in the right frontal lobe and the left occipital, was found in the animal that died 30 min after ligation. The animal that died after only 15 min showed the fourth lowest frontal and occipital lobe specific gravities. The two animals in which progressively ischaemic spectra were observed from 10 min after ligation onward showed lower specific gravity in both hemispheres than did the one that died early.
There was one exception to the orderly coinci dence of ischaemic spectra and the degree of oedema; this was the animal that showed high Pi after carotid ligation (pH 6.5) but no detectable spe cific gravity abnormalities (frontal lobe, 1.0514).
If it can be assumed that our animals with grey matter specific gravity in the range 1.0490 ± 1 SD had deVeloped cerebral oedema and those with spe cific gravity of 1.0530 ± 1 SD had not, then further comparison with the work of Crockard et al. (1981) suggests that 31p NMR spectra generally remain un changed until blood flow is reduced below 19 mV100 gpm. This is the main finding of our specific gravity study. The two that failed to conform to the general pattern appear to show, on the one hand, that a transient rise in Pi in the presence of a normal ATP:PCr ratio does not necessarily lead to oedema and, on the other, that the 31p NMR spectrum can recover from a condition in which the Pi level is high in spite of the development of oedema.
Histological Findings
No brain was completely normal, but they showed considerable variation. Slight changes were represented by moderate shrinkage and dark stain ing of the nuclei of scattered nerve cells over a small area, together with micro-vacuolation of the cyto plasm of the same cells. Swollen glial cells were nearly always seen. Severe changes consisted of much more obviously pyknotic nuclei and swollen cytoplasm and might be accompanied by a loosen -FIG. 4 . The right thalamus (A) of one of the animals with a histological score 6 shows marked microvacuolation of neuronal perikarya, pyknosis of nuclei, and changes indicating oedema of the neuropil. In contrast, in the same animal, the cortex (8) between coil and thalamus is normal in appearance. Haematoxylin-eosin stain. Scale bar, 50 /Lm.
ing of the structure of the neuropil (Fig. 4) . For each section, the right and left halves of the brain were compared and the histological abnormalities were categorised separately for their severity and extent by awarding 1, 2, or 3 points for each parameter, the highest figure being for greatest severity or extent; points could thus range from 0-6 (Fig. 5 ). The changes were described as being superficial when 1982 they were seen in the cortex or the superficial layers of the hippocampus, and deep when they were found in the caudate nucleus, the thalamus, other ventral structures, and the brainstem. In general, dorsal superficial changes lay within 4 mm of the skin surface over the top of the head. A very close correlation was observed between the extent and severity of the histological changes and the ab- normality of NMR spectra, particularly when the changes were deeply placed in the thalamus, below the region where the coil had been placed.
Four animals showed these deep, extensive, and severe changes in the right hemisphere. Three of them had had a progressively ischaemic spectrum thoughout most of the hour of observation and the fourth had died 15 min after carotid ligation; all had completely lost per and ATP. The pH of the three survivors had fallen to 6.9, 6.5, and 6.4 before they were sacrificed.
No other animal showed the highest grade of both extensive and severe changes in the deep part of the right hemisphere. However, one showed very ex tensive but not quite such severe changes, and another showed very severe but slightly less exten sive histological evidence of cell damage; both animals had shown a rise in Pi and their pH before sacrifice were 6.8 and 7. 3, respectively. One animal showed deep, extensive, but mild histological changes; this animal also showed an increase in Pi and a low pH of 6.6.
Although some of these animals with abnormal NMR spectra also had superficial cortical histologi cal changes-extensive and severe or limited and mild-three did not; superficially under the coil they were normal. They were the animals with pH of 6.6 and 6.5, and the one that died 15 min after ligation.
Limited and mild histological changes were not accompanied by abnormal spectra or definite low ering of pH, regardless of whether they were super ficial or deep, or both. Many of the left hemispheres were superficially normal but had severe changes in the thalamus; this particularly applied to those with the most severe deep changes on the right. We conclude that a sub stantial part of the NMR signal came from the deep er part of the right hemisphere, but we cannot assess the contribution of the left hemisphere.
For the deep right hemisphere, the histological "score" correlates with the NMR signal, as shown in Fig. 5 .
